Abstract. Myeloid-derived suppressor cells (MDSCs) have been demonstrated with possess the ability to suppress T-cell responses. Therefore, MDSCs are an attractive candidate for immune intervention aimed at reconstituting self-tolerance in autoimmune conditions. The present study investigated the frequency and function of MDSCs in the peripheral blood of patients with autoimmune hepatitis (AIH), and examined its correlation with disease progression. Peripheral blood samples were obtained from 48 patients diagnosed with AIH and 24 healthy controls. The frequency of MDSCs was analyzed using flow cytometry, and its correlation with liver biochemical indicators was assessed. The sorted peripheral blood mononuclear cells and MDSCs, cocultivated with CD3 and CD28 monoclonal antibodies, were labeled with carboxylfluorescein succinimidyl ester and detected using flow cytometry for the proliferation of T cells. T cell apoptosis was detected using annexin V and 7-aminoactinomycin D. Interferon γ and nitric oxide were detected using ELISA, and inducible nitric oxide synthase (iNOS) was detected using immunohistochemical staining. The frequency of MDSCs in the patients with non-cirrhotic AIH was significantly higher, compared with the healthy controls and patients with cirrhotic AIH (P<0.05). However, no significantly differences were observed between the patients with cirrhotic AIH and the healthy controls (P>0.05). In addition, the frequency of MDSCs in the peripheral blood was positively correlated with alanine transaminase and aspartate transaminase in patients with AIH. The T cells of the incubation system were suppressed by the MDSCs, which was associated with the iNOS expressed on MDSCs. In patients with non-cirrhotic AIH, the peripheral frequency of MDSCs was increased through a feedback loop and autoimmune responses were inhibited. However, a variety of causes led to a decrease in the number of MDSCs in patients with cirrhotic AIH, therefore, accelerating the progression of liver injury and liver cirrhosis.
Introduction
Autoimmune hepatitis (AIH) is a type of chronic, autoimmune inflammation of the liver, which is characterized by histological interface hepatitis, hypergammaglobulinemia and the production of autoantibodies (1) . During AIH, the self-tolerance, also termed homeostatic processes, is defective, resulting in dysfunction of T-lymphocytes, including over-activated CD4 and CD8 T-cells, which mediate autoimmune liver injury (2) . Previous evidence has indicated that immune regulatory cells, including regulatory T-cells (3) and natural killer T cells (4) are critical for the maintenance of immune tolerance in AIH. Another subset of regulatory cells, termed myeloid-derived suppressor cells (MDSCs) have identified to possess a marked ability to suppress T-cell responses, therefore, representing an attractive candidate for immune intervention to reconstitute self-tolerance in autoimmune conditions (5) .
MDSCs are a heterogeneous population of immature myeloid cells, derived from dendritic cell (DC) progenitors, macrophages and granulocytes in cancer, inflammation and autoimmune disease, which have been defined as CD11b (Mac-1) and Gr-1 for granulocytic MDSCs and CD11b, Gr-1, CD115 and F4/80 for monocytic MDSCs (6) . These exist in an activated state, which is characterized by the increased production of reactive oxygen species (ROS), reactive nitrogen species (RNS) and arginase-1. They are potent suppressors of T-cell functions, using arginase-1 and inducible nitric oxide synthase (iNOS) (7) . In humans, the identification of MDSCs is indistinct due to the absence of specific markers therefore, their phenotype is established, according to their functional definition (8) . Generation and accumulation of MDSCs in peripheral blood and regional tissues in response to tumor, infection or trauma is associated with multiple growth factors and cytokines, including granulocyte macrophage colony-stimulating factor, vascular endothelial growth factor, interleukin (IL)-1β, IL-6, stem cell factor, cyclooxygenase-2 (prostaglandin-endoperoxide synthase 2), interferon (IFN)-γ, IL-4, IL-13 and transforming growth factor (TGF)-β, which induce MDSCs generation and promoted MDSCs activation (9) .
In autoimmune diseases, including inflammatory bowel disease, experimental autoimmune encephalomyelitis and experimental autoimmune uveoretinitis, the frequency of human MDSCs with suppressive function are increased in peripheral blood from patients and rodents, which suggests a novel MDSC-mediated immune regulatory pathway in autoimmune diseases (10) . The characterization of MDSCs during AIH remains to be elucidated. The present study investigated the frequency and function of MDSCs in AIH, and further analyzed the clinical relevance of MDSC frequency with disease status in patients with AIH.
Subjects and methods

Subjects and healthy donors.
A total of 48 peripheral blood and three liver samples were obtained from patients with AIH between October 2009 and October 2010 at The Third Affiliated Hospital of Anhui Medical University (Hefei, China). AIH was diagnosed, according to the International Autoimmune Hepatitis Group diagnostic scoring system in 1999 (total score >17) (11) . A number of the patients were diagnosed, according to pathology (Table I) . None of the patients received treatment with glucocorticoids or immunosuppressants, and 15 patients with AIH were treated with Prednisone for 6 months. Prednisone alone was used to achieve a clinical remission, at an initial dose of 40 mg/day for 4 weeks, followed by 10 mg/day for maintenance. In addition, 24 peripheral blood samples and two liver tissue samples were obtained from healthy individuals, as a normal control. Tissue samples were obtained by liver biopsy. No statistically significant differences were observed between the two groups in age or gender ratio (P>0.05). The present study was approved by the Ethics Committee of The Third Affiliated Hospital of Anhui Medical University, and written informed consent was obtained from each subject. Table I shows the clinical characteristics of the patients with AIH, who were involved in the present study. Following two washes with 1 ml phosphate buffered saline (PBS), the cells were resuspended in 100 µl 1% paraformaldehyde (Beijing Ding Guo Chang Sheng Biotechnology Co., Ltd., Beijing, China) and analyzed using a FACSCalibur (Becton Dickinson). The data were analyzed using FlowJo v.5.7.2 software (Tree Star, Ashland, Oregon, USA).
Antibodies
Cell isolation and sorting. Peripheral blood mononuclear cells (PBMCs) were isolated using Ficoll-Hypaque density gradient centrifugation (IAE-1) at 2,700 x g for 20 min at 22˚C from heparinized blood. The Lin1-/low HLA-DR-CD33 + CD11b
+ MDSCs were isolated from the PBMCs using Lin1 and HLA-DR negative selection (Miltenyi Biotech, Bergisch Gladbach, Germany), followed by analysis using a BD FACS Aria (Becton Dickinson). The purity of the MDSCs was >85%. The CD3+ T cells were separated from the PBMCs via CD3-positive selection using a MidiMACS separator unit, according to the manufacturer's instructions (Miltenyi Biotech,). The purity of the CD3+ T cells was >96%.
Proliferation assay and the detection of cytokines.
Carboxylfluorescein succinimidyl ester (CFSE) labeling was used to detect the proliferation of CD3 + T cells. Briefly, 1.3x10 6 CD3+ T cells were co-cultured with MDSCs at ratios of 1:0, 1:1, 3:1 and 10:1 in RPMI-1640 medium, supplemented with 10% fetal bovine serum (FBS; Gibco Life Technologies, Carlsbad, CA, USA) and stimulated with anti-CD3 and CD28 monoclonal antibodies (Sigma-Aldrich). All CD3+ T cells were seeded into a 96-well plate (Costar, Lowell, MA, USA) in the presence or absence of MDSCs, as mentioned above. The cells were harvested following culturing for 5 days and stained with anti-CD4-APC and anti-CD8-PerCp. As the CFSE signal was diluted with each cell division, cells exhibiting low fluorescence intensity of CFSE were considered to have proliferated. IFN-γ in the supernatant was measured using an ELISA kit (RapidBio Laboratory, Calabasas, CA, USA), according to the manufacturer's instructions.
Apoptosis assay. The CD3+ T cells were co-cultured with MDSCs at the ratios mentioned above and treated with anti-CD3 and CD28 monoclonal antibodies. Following incubation for 48 h, the cells were collected and stained with annexin-V-FITC, 7-amino-actinomycin D (7-AAD) (eBioscience, San Diego, CA, USA), anti-CD4-APC and anti-CD8-PerCp to analyze the apoptosis of the CD4 and CD8 cells.
Expression of iNOS and determination of NO.
To confirm the suppression of MDSCs, iNOS were first detected on the surface of MDSCs from the patients and healthy subjects using anti-iNOS (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). The NO content of the supernatant was subsequently determined using an ELISA kit (Rapidbio Lab, CA). Immunohistochemistry was also performed to detect the expression levels of iNOS in the liver tissues and MDSCs. The expression of iNOS was detected using a rabbit-anti-iNOS antibody (cat. no. ab92765; Abcam, Cambridge, UK) in lymphocyte markers on the liver tissue and PBMCs were detected using an immunohistochemical kit (Zhongshan Golden Bridge Co., Beijing, China).
Statistical analysis. All statistical analyses were performed using SPSS 13.0 software for Windows (SPSS, Inc., Chicago, IL, USA). Comparisons between different groups were analyzed using a Mann-Whitney U test. A Wilcoxon matched-pairs signed ranks test was used to compare the data from the same individuals. Correlation analysis was performed using the Spearman rank correlation test. All data are presented as the mean ± standard deviation. P<0.05 was considered to indicate a statistically significant difference. (Fig. 1A) cells. The MDSCs frequency in PBMCs was determined in samples from patients diagnosed with AIH without cirrhosis, AIH with cirrhosis, and healthy subjects. There was a significantly higher frequency of circulating MDSCs in the AIH patients without cirrhosis compared with the AIH patients with cirrhosis and the healthy subjects (P= 0.012). No significant difference was observed between the healthy subjects and the AIH patients with cirrhosis ( Fig. 1B ; P Control:AIH <0.001, P AIH:Cirrhosis <0.001).
Results
Increased frequency of MDSCs
Frequency of MDSCs in the peripheral blood correlates with clinical features. A significant positive correlation was observed between the MDSC frequency and the levels of ALT/AST (Fig. 1C) , which suggested that the frequency of MDSCs was associated with liver inflammation. However, other clinical indicators, including total bilirubin, direct bilirubin, cholinesterase, alkaline phosphatase, immunoglobulin G and prealbumin, revealed no correlation with the frequency of MDSCs (P>0.05). In order to determine the effect of hormones on the frequency of MDSCs, 15 patients receiving hormone therapy were included. After 6 months of treatment, the majority of these patients were in remission, accompanied with a reduced frequency of MDSCs ( Fig. 1D ; P=0.0017).
MDSCs inhibit the proliferation of T cells in vitro.
To investigate the effects of MDSC on T cells, MDSCs were sorted and subsequently co-cultured with CFSE-labeled CD3 + T cells at different ratios. Following culture for 5 days, the proliferation of the CD4 and CD8 T cells were detected using flow cytometry. As the cell density of the MDSCs increased, the proliferation of CD4 and CD8 T cells was inhibited ( Fig. 2A and B) . In addition, the present study examined the capacity of MDSCs to inhibit cytokine secretion. An ELISA was performed to detect IFN-γ in the culture supernatant. The results demonstrated that the concentration of IFN-γ decreased with the increase in MDSCs ( Fig. 2C ; P ALT =0.047, P AST =0.051), which suggested that the MDSCs inhibited cytokine secretion in a dose-dependent manner.
MDSCs promote T cell apoptosis in vitro.
Apoptosis detection was performed using annexin V and 7AAD staining. (Fig. 3) . The sorted MDSCs were cocultured with PBMC, and the apoptosis of CD4 and CD8 T cells was detected. The results revealed that MDSCs promoted CD4 + and CD8 + T cell apoptosis in a dose-dependent manner ( Fig. 3; P=0 .018).
Expression of iNOS in MDSCs.
The present study subsequently examined the in situ expression of iNOS by lymphocytes in the liver. The expression of iNOS in the lymphocytes of the AIH liver tissue was significantly higher, compared with the healthy liver tissue (Fig. 4A and B) . In addition, MDSCs from the peripheral blood were sorted and stained with iNOS monoclonal antibody, which demonstrated that the expression level of iNOS in the MDSCs was significantly higher than in the other PBMCs. (Fig. 4C and D) . The PBMCs from 48 patients 
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and 24 healthy individuals were stained and analyzed. The expression of iNOS in the circulating MDSCs from patients with AIH was significantly higher than in the healthy individuals ( Fig. 4E and F ; P=0.0195). Correspondingly, the concentrations of NO in the supernatant, detected using ELISA, were also associated with the frequency of MDSCs ( Fig. 4G ; P=0.0261).
Discussion
MDSCs are essential in regulating immune responses during autoimmune diseases. The present study demonstrated for the first time, to the best of our knowledge, the frequency and function of MDSCs from patients with AIH. The results demonstrated that increased frequencies of peripheral blood MDSCs were associated with liver injury. Hormone therapy reduced the frequency of peripheral blood MDSCs in patients with AIH. MDSCs from patients with AIH suppressed the proliferation and cytokine secretion of T cells. In addition, MDSC promoted the apoptosis of T cells in a dose-dependent manner in vitro. Notably, higher expression levels of iNOS in the MDSCs were observed in the in situ liver tissues from patients with AIH, compared with the healthy subjects. Additionally, peripheral blood MDSCs expressed iNOS and produced NO. As precursors of macrophages, granulocytes and dendritic cells, MDSCs are heterogeneous, immature and plastic. In humans, MDSCs remains to be fully characterized owing to the lack of specific markers (13). Generally, human MDSCs are identified as CD14 -CD11b + cells, or populations of cells expressing the myeloid-associated marker, CD33, but not the MHC Class II molecules, HLA-DR, mature myeloid or lymphoid cell markers (14) . In addition, a group of CD15 + MDSCs have been identified in the peripheral blood of patients with cancer (15) . A previous study characterized a novel population of MDSCs, which were CD14 + and HLA-DR -/low. They are significantly increased in the peripheral blood and tumor tissues of patients with hepatocellular carcinoma, exhibit arginase activity and suppress autologous T cell proliferation (16) . The present study used Lin1 -/low HLA-DR-CD33 + CD11b + as markers of human peripheral blood MDSCs, and investigated the frequency of MDSCs in the peripheral blood of patients with AIH. The results demonstrated an increased frequency of peripheral blood MDSCs, which reduced following hormone treatment, suggesting that MDSCs are essential during the progression and treatment of AIH.
It has been reported that the immunosuppressive activities of MDSCs require direct cell-cell contact, which is through cell-surface receptors and soluble mediators, and the suppressive activity of MDSCs is associated with the metabolism of arginine and iNOS (17) . Another important factor contributing to the suppressive activity of MDSCs is ROS (18) . Increased production of ROS has emerged as one of the predominant characteristics of MDSCs from tumor-bearing mice and patients with cancer (19) . NO, produced by iNOS, is also involved in the suppressive activity of MDSCs (20) . A previous study also demonstrated that peroxynitrite is a crucial mediator of the suppression of T-cell function by MDSCs (21) . Notably, a novel population of MDSCs, described as CD14 + DR -/low, have been demonstrated to promote the de novo development MDSC expansion is associated with inflammation and autoimmunity. In experimental autoimmune encephalomyelitis, a mouse model of multiple sclerosis, the number of MDSCs has been observed to increase in the spleen and blood (23) . A significant increase in the number of MDSCs has also been detected in experimental autoimmune uveoretinitis and in inflammatory bowel diseases (24) . In mouse models of systemic lupus erythematosus, alopecia areata and type 1 diabetes, MDSCs demonstrate increased frequency and immune suppression (25) . The present study revealed for the first time, to the best of our knowledge, that the frequency of peripheral blood MDSCs in patients with AIH was increased, which was consistent with the mouse models of autoimmune disease.
Previous studies have demonstrated that activated CD4+ and CD8+ T cells induce autoimmune liver injury through and TGF-β, are also induced during the pathology of liver injury (26) . The activation, recruitment and amplification of MDSCs is closely associated with the stimulation of inflammatory cytokines (27) , among which IFN-γ, IL-6, IL-10, IL-13 and TGF-β stimulate MDSCs recruitment and amplification, and IFN-γ, IL-4, IL-13, IL-17 and TGF-β induce MDSC activation (28) . Therefore, the present study hypothesized that MDSCs present a compensatory mechanism against inflammation. The present study demonstrated that the level of MDSCs were higher during the severe inflammatory reaction stage, and the increase in MDSCs was positively correlated with ALT and AST, which suggested that MDSCs correlated with the level of liver inflammation. By contrast, during the cirrhosis period of AIH, the frequency of MDSCs declined. This weakened suppression of MDSCs exacerbated the liver injury. MDSC are involved in the immune response, not only in inflammation associated with cancer, but also in autoimmune disease, including AIH. The present study investigated the frequency and function of peripheral blood MDSCs from patients with AIH. The increased frequency of circulating MDSCs in patients with AIH was associated with liver injury, and effective hormone treatment reduced the frequency of MDSCs. In addition, higher expression levels of iNOS were observed in the in situ liver tissues of patients with AIH. This characterization of MDSCs improves current understanding of the pathogenesis of AIH and may provide a possible method of immune intervention.
